Volatile element delivery and retention played a fundamental part in Earth's formation and subsequent chemical differentiation. The heavy halogens-chlorine (Cl), bromine (Br) and iodine (I)-are key tracers of accretionary processes owing to their high volatility and incompatibility, but have low abundances in most geological and planetary materials. However, noble gas proxy isotopes produced during neutron irradiation provide a high-sensitivity tool for the determination of heavy halogen abundances. Using such isotopes, here we show that Cl, Br and I abundances in carbonaceous, enstatite, Rumuruti and primitive ordinary chondrites are about 6 times, 9 times and 15-37 times lower, respectively, than previously reported and usually accepted estimates 1 . This is independent of the oxidation state or petrological type of the chondrites. The ratios Br/Cl and I/Cl in all studied chondrites show a limited range, indistinguishable from bulk silicate Earth estimates. Our results demonstrate that the halogen depletion of bulk silicate Earth relative to primitive meteorites is consistent with the depletion of lithophile elements of similar volatility. These results for carbonaceous chondrites reveal that late accretion, constrained to a maximum of 0.5 ± 0.2 per cent of Earth's silicate mass [2][3][4][5] , cannot solely account for present-day terrestrial halogen inventories 6,7 . It is estimated that 80-90 per cent of heavy halogens are concentrated in Earth's surface reservoirs 7,8 and have not undergone the extreme early loss observed in atmosphere-forming elements 9 . Therefore, in addition to late-stage terrestrial accretion of halogens and mantle degassing, which has removed less than half of Earth's dissolved mantle gases 10 , the efficient extraction of halogen-rich fluids 6 from the solid Earth during the earliest stages of terrestrial differentiation is also required to explain the presence of these heavy halogens at the surface. The hydropilic nature of halogens, whereby they track with water, supports this requirement, and is consistent with volatile-rich or water-rich late-stage terrestrial accretion 5,11-14 . Chondrites provide a reference frame for understanding the processes that controlled the accretion of the Solar System's inner planets. The depletion of highly volatile elements in the Earth relative to the carbonaceous Ivuna (CI)-type chondrites is well documented 15 but, for some elements, the difference predicted from volatility, or decreasing condensation temperature (50% T C ), is insufficient to explain the extent of depletion actually observed. This has been particularly problematic for the heavy halogens Cl, Br and I, which have previously been shown to be depleted on Earth compared to CI chondrites by factors of 28, 46 and 33 for Cl, Br and I, respectively 16 . For example, the degree of chlorine depletion is far higher than that of lithophile elements with similar 50% T C , leading to models requiring special halogen behaviour during the accretionary process, including the early hydrodynamic escape of hydrogen 17 , the sequestration of halogens into an unidentified reservoir such as the core 18,19 , impact-driven erosive loss of halogen-rich surface reservoirs on early Earth 20 , or a higher nebular volatility (lower 50% T C ) of the halogen elements 16,21 . Accurate and precise knowledge of the halogen abundances in different chondrite classes is clearly essential for understanding terrestrial volatile evolution. However, progress towards characterizing the halogen abundances of chondrites has been hampered by the lack of precise measurement techniques for the particularly low abundance of Br and I, coupled with the limited amounts of suitable meteorite specimens available for analysis. A variation of approximately an order of magnitude in halogen abundances within individual meteorite classes was reported during the 1960s and 1970s, typically analysed using neutron activation analysis and pyrohydrolysis. Using high-sensitivity neutron-irradiation noble gas mass spectrometry (NI-NGMS) (see Methods), we have determined the halogen abundances and Br/Cl and I/Cl ratios for 24 chondrites ( Relative to data for other Solar System materials, including lunar, Martian and terrestrial compositions, the variability of Br/Cl and I/Cl in carbonaceous, enstatite, Rumuruti and primitive ordinary chondrite classes are remarkably low (Fig. 1) . Evidence of systematic elemental halogen fractionation during formation of chondrites is negligible. Additionally, secondary aqueous alteration is isochemical for the heavy halogens, as demonstrated by consistency in type 1 and type 2 chondrites ( Fig. 1 ; Methods). Br/Cl and I/Cl in chondrites are also indistinguishable from bulk silicate Earth (BSE) values (Figs 1 and 2). This relationship implies that mechanisms of delivery to, and retention within, Earth occurred with negligible fractionation of the halogens. Critically, this observation is independent of which chondrites are dominant sources of terrestrial material. Only the thermally metamorphosed ordinary and enstatite chondrites show distinctly different halogen concentrations and ratios. The latter is particularly evident in thermally metamorphosed ordinary and enstatite chondrite I/Cl ratios ( Fig. 1h) , and explained by both their different halogen mineralogy (for example, phosphates, sulfides), and more extensive thermal metamorphism than experienced by the most unequilibrated chondrites (Methods).
, the efficient extraction of halogen-rich fluids 6 from the solid Earth during the earliest stages of terrestrial differentiation is also required to explain the presence of these heavy halogens at the surface. The hydropilic nature of halogens, whereby they track with water, supports this requirement, and is consistent with volatile-rich or water-rich late-stage terrestrial accretion 5,11-14 . Chondrites provide a reference frame for understanding the processes that controlled the accretion of the Solar System's inner planets. The depletion of highly volatile elements in the Earth relative to the carbonaceous Ivuna (CI)-type chondrites is well documented 15 but, for some elements, the difference predicted from volatility, or decreasing condensation temperature (50% T C ), is insufficient to explain the extent of depletion actually observed. This has been particularly problematic for the heavy halogens Cl, Br and I, which have previously been shown to be depleted on Earth compared to CI chondrites by factors of 28, 46 and 33 for Cl, Br and I, respectively 16 . For example, the degree of chlorine depletion is far higher than that of lithophile elements with similar 50% T C , leading to models requiring special halogen behaviour during the accretionary process, including the early hydrodynamic escape of hydrogen 17 , the sequestration of halogens into an unidentified reservoir such as the core 18, 19 , impact-driven erosive loss of halogen-rich surface reservoirs on early Earth 20 , or a higher nebular volatility (lower 50% T C ) of the halogen elements 16, 21 . Accurate and precise knowledge of the halogen abundances in different chondrite classes is clearly essential for understanding terrestrial volatile evolution. However, progress towards characterizing the halogen abundances of chondrites has been hampered by the lack of precise measurement techniques for the particularly low abundance of Br and I, coupled with the limited amounts of suitable meteorite specimens available for analysis. A variation of approximately an order of magnitude in halogen abundances within individual meteorite classes was reported during the 1960s and 1970s, typically analysed using neutron activation analysis and pyrohydrolysis. Using high-sensitivity neutron-irradiation noble gas mass spectrometry (NI-NGMS) (see Methods), we have determined the halogen abundances and Br/Cl and I/Cl ratios for 24 chondrites (Table 1, Figs 1 and 2 and Methods) covering four different classes: carbonaceous, enstatite, Rumuruti and ordinary chondrites.
Relative to data for other Solar System materials, including lunar, Martian and terrestrial compositions, the variability of Br/Cl and I/Cl in carbonaceous, enstatite, Rumuruti and primitive ordinary chondrite classes are remarkably low (Fig. 1) . Evidence of systematic elemental halogen fractionation during formation of chondrites is negligible. Additionally, secondary aqueous alteration is isochemical for the heavy halogens, as demonstrated by consistency in type 1 and type 2 chondrites ( Fig. 1 ; Methods). Br/Cl and I/Cl in chondrites are also indistinguishable from bulk silicate Earth (BSE) values (Figs 1 and 2). This relationship implies that mechanisms of delivery to, and retention within, Earth occurred with negligible fractionation of the halogens. Critically, this observation is independent of which chondrites are dominant sources of terrestrial material. Only the thermally metamorphosed ordinary and enstatite chondrites show distinctly different halogen concentrations and ratios. The latter is particularly evident in thermally metamorphosed ordinary and enstatite chondrite I/Cl ratios (Fig. 1h) , and explained by both their different halogen mineralogy (for example, phosphates, sulfides), and more extensive thermal metamorphism than experienced by the most unequilibrated chondrites (Methods).
Halogen concentrations in this study (49 analyses of 24 chondrites) are markedly lower and less variable than those previously reported (Supplementary Table 1 and Extended Data Fig. 1 ). This is true for all chondrite types (Fig. 2) . The discrepancy between this study and previous data can probably be attributed to differences in sample preparation techniques (for example, possible inclusion of surface or terrestrial alteration material 22 ; Supplementary Table 2 ). The earlier studies using larger samples (≥ 1 g) 23 and the more recent studies on CI chondrites using gas source mass spectrometry 24 , are most consistent with the data presented here (Supplementary Table 1 (Table 1 and Supplementary  Table 3 ). All chondrite groups, including the CI chondrites, have consistently lower abundances of Cl, Br and I than previously reported: 32 analyses of 17 unequilibrated carbonaceous, enstatite and Rumuruti chondrites give averages of 111 ± 38 p.p.m. Cl, 362 ± 39 p.p.b. Br, and 38 ± 3 p.p.b. I. One key observation from our data is the reduced spread in Cl/Br/I ratios. All historical measurements with high Cl that contain a full Cl/Br/I analysis show high I/Cl ratios relative to the new data ( Fig. 1) . High I/Cl is a strong indicator of terrestrial contamination, suggesting that chondritic reference concentrations have been overestimated. Also, the Br/Cl and I/Cl signatures of the BSE are chondritic (Fig. 1 ) and BSE and chondrites have nearly identical δ
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Cl values 24,26 of − 0.1 ± 0.4 and 0.0 ± 0.7‰. The similarity of both halogen isotopic and elemental abundance ratios between BSE and chondrites provides an important observational constraint in developing any model controlling volatile element delivery to Earth.
Our revised halogen abundances yield higher CI-chondrite normalized abundances of Cl, Br and I, demonstrating that BSE is not depleted in halogens compared with lithophile elements of similar volatility 28 (Fig. 3) . Although Cl is plotted with a 50% T C associated with sodalite stability 16 (Fig. 3) , a lower 50% T C for Cl has been suggested 21 (Fig. 3) . A lower condensation temperature for Cl, similar to that of Br and I, would account for the lack of fractionation observed in Cl/Br/I across the different meteorite classes examined here and the BSE.
Assuming complete retention of halogens during accretion, from an average chondrite composition (111 ± 38 p.p.m. Cl, 362 ± 39 p.p.b. Br and 38 ± 3 p.p.b. I, as above), would lead to an overabundance by a factor of 6.5 to 7 for chlorine and bromine, and a factor of 3.5 to 3.8 for iodine in the BSE, thus requiring an efficient volatile-loss mechanism during or after accretion to achieve terrestrial abundances. A similar magnitude of loss for elements with the same range of volatility as the halogens 29,30 would also be required to preserve approximately chondritic ratios in BSE. Conversely, if we consider total halogen loss during early accretion, Earth would then require about 15% (Cl and Br) to about 26% (I) of the terrestrial mantle's mass addition of chondrites to subsequently replenish the current terrestrial halogen inventory after accretion. This estimate is far greater than the late accretion addition of 0.5 ± 0.2% of Earth's silicate mass required to account for highly siderophile element and moderately volatile chalcophile (S-Se-Te) element compositions of the BSE 2-4 . Therefore, the terrestrial halo gen budget cannot be accounted for by late accretion alone. More probably, a large proportion of Earth's halogens was delivered and retained during the main stages of accretion and subsequent events (for example, the Moon-forming giant impact), as found for the moderately volatile elements 5 , such as Ag. This, however, does not preclude addition of halogens during late accretion 2,31 . For example, a volatile loss of about 80% during accretion has been suggested for Earth 32 , which would correspond to 94% Cl, 91% Br and 48% I of the total terrestrial halogen budget. 
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Late accretion addition of approximately 0.5 ± 0.2% carbonaceous chondrite material 31 would supplement the halogen budget to around 100% Cl, 97% Br and 51% I of current terrestrial budgets. We do not consider the apparently lower fraction of I to be important, because it is accommodated within the uncertainty of the BSE iodine estimate (Methods; Supplementary Tables 4 and 5).
The limited variation in the Br/Cl and I/Cl ratio of chondrites provides a firm reference composition, irrespective of the detail of the mix of primitive materials with chondrite-like composition or sequence that accreted to form Earth. The implication is that primitive materials forming early in Solar System history should have a limited range in halogen compositions, regardless of their accretionary source. Additionally, the similarity of the Cl/Br/I ratios of the BSE to our new average chondrite reference means that the accretionary process delive ring and preserving BSE halogens did not greatly fractionate their elemental composition. Mass-dependent processes (such as impact erosion or hydrodynamic escape) invoked to argue for halogen-specific loss to account for putative excessive halogen BSE depletion relative to elements of similar volatility are unnecessary in light of the new chondrite results. Our results demonstrate that the probable terrestrial Letter reSeArCH building blocks had much lower and unfractionated halogen concentrations than was previously recognized. Unlike other lithophile elements of similar volatility, an estimated 80-90% of the heavy halogens on Earth are sequestered in the surface reservoirs (crust, sediments, oceans) 7, 8 . The mantle degassing efficiency, based on the proportion of K-derived 40 Ar in the atmosphere 10 , at about 50%, cannot account for this halogen distribution, which must represent an early accretionary process. Notwithstanding late delivery of halogens to the exosphere, the implication is that Earth's mantle was efficiently depleted in halogens to surface reservoirs relatively early in Earth's history. The terrestrial record of 129 I-and 244 Pu-derived xenon isotopes is unequivocal in showing almost complete lack of retention of atmophile volatiles in the first hundred million years or so of Earth history 9, 33 . To inhibit halogen loss from the Earth system Letter reSeArCH after their transfer to the terrestrial surface reservoirs, the heavy halogens must have been retained at the surface in a non-gaseous state. The preference of the halogens for hydrous melts 6 and aqueous solutions supports wet melting, through efficient extraction of halogens from the solid Earth and retention within water-rich near-surface phases, during the earliest stages of Earth formation 14 . This may provide the unique combination of processes required to account for the modern terrestrial halogen distribution.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. received 11 April; accepted 2 October 2017. Ca(n,α) 37 Ar. Thermal and epithermal neutrons produce noble gas isotopes from halogens through the (n,γ, β) reactions. These reactions produce noble gases in amounts that are easily measured by conventional noble gas mass spectrometry. NI-NGMS has the benefit of being the most sensitive technique for measurement of heavy halogens in small, bulk samples. After irradiation, halogen abundances can be determined using monitor minerals of known halogen composition, which allows for correction of noble gas production through epithermal neutrons. Depending upon the neutron fluxes, the conversion efficiency during irradiation is typically about 1:10 5 (that is, only 1 in every 100,000 parent halogen isotope atoms is converted to a noble gas isotope). However, inclusion of standards with halogen concentrations determined independently by other techniques [35] [36] [37] , irradiated together with the samples, enables the parent halogen abundances to be accurately calculated from neutron-produced noble gas isotopes 34, 38 . The external errors (2σ) are 4% for Cl, 7% for Br and 5% for I, based on the BB1 scapolite monitor. Sample selection. Twenty-four meteorite samples, falls and finds, were analysed, including six carbonaceous, seven ordinary, seven enstatite, two Rumuruti chondrites, and the Kakangari chondrite. These samples were selected to represent a diverse population of primitive meteorites covering variations in clan and petrologic type, in order to investigate the effects of aqueous and thermal metamorphism on halogen abundances. The selected carbonaceous chondrites were: Orgueil (CI, fall), Murray (CM2, fall), Sutter's Mill (C, fall), Murchison (CM2, fall), Graves Nunataks (GRA) 06100 (CR2, find), Elephant Moraine (EET) 92159 (CR2, find), Efremovka (reduced CV3, fall) and Allende (oxidized CV3, fall). Ordinary chondrites included only falls: Clovis (H3.6), Forrest Vale (H4), Bishunpur (LL3.15), Chelyabinsk (LL5), Barratta (L4), Barwell (L5) and Novato (L6). The selected enstatite chondrites include: Allan Hills (ALH) 77295 (EH3, find), Sahara (SAH) 97096 (EH3, find), Miller Range (MIL) 07139 (EH3, find), MIL 07028 (EH3, find), Indarch (EH4, fall), St. Mark's (EH5, fall) and Daniel's Kuil (EL6, fall). Rumuruti chondrites finds Northwest Africa (NWA) NWA 755 (R3.7) and 753 (R3.9) were also included. Detailed descriptions, including sample masses, modal mineralogy, preparation techniques and allocating institutions are provided below and in Supplementary Tables 1-3. Data sources for the halogen data shown in Fig. 1 [55] [56] [57] . Sample preparation and irradiation. Terrestrial alteration can be problematic for halogen analyses, so extreme caution was exercised with sample handling, storage and preparation techniques, to avoid inclusion of surface, weathered, fracture or vein material that may be affected by terrestrial alteration. All samples analysed in the current study are listed in Supplementary Table 2 with sample masses and preparation details. To avoid any potential terrestrial contamination issues associated with falls, particularly those from hot and cold desert environments where leaching and/or deposition of halogens on the surface can occur, we took particular care in our sample storage, handling and preparation. Samples were stored in desiccators within Class 1000 clean rooms before preparation. Any visible alteration, terrestrial weathering or fusion crust material was generously removed before preparation. Sample material was excavated from the interior portion of the sample only. This material was then carefully examined for any indication of terrestrial contamination (see below). Prior to irradiation, samples were either crushed into small chips and sieved, or aliquots extracted from powdered, larger main masses (for example, 1-2-mg-sized aliquots from a sample of up to 1.5 g) where possible (see below for details and a discussion about sample heterogeneity). Small samples were wrapped in Al foil and, interspersed with monitor minerals, encapsulated under vacuum in fused silica glass tubing before packing in Al canisters for irradiation. Irradiation was done in two batches at the Petten Reactor in The Netherlands (MN12f and MN13), continuously over a 24-h period. A further two samples were irradiated at the Oregon State University reactor (MN14a) in a stepped fashion over a 2-month period for a total of around 280 h. The neutron fluence was monitored in each irradiation with conventional 40 Ar- ; ref. 59 ). The scapolite minerals (BB1 and SP 34, 35 ) were used to monitor for epithermal neutron fluence. The thermal and epithermal neutron fluxes were estimated to be, respectively, approximately 6.3 × 10 18 neutrons per cm 2 and 1.4 × 10 17 neutrons per cm 2 for MN12f, 6.2 × 10 18 neutrons per cm 2 and 1.6 × 10 17 neutrons per cm 2 for MN13 and 6.5 × 10 18 neutrons per cm 2 and 9.5 × 10 17 neutrons per cm 2 for MN14a. Laser-heating and mass spectrometry. Argon, Kr and Xe were released from irradiated samples by laser heating. Typical sample masses of 0.25-3.0 mg were either incrementally heated with increasing laser output power using a Nd:YAG laser in TEM00 mode with a defocussed beam of 3 mm diameter, or in single fusion analyses with a second heating step to ensure complete extraction, on the static vacuum MS1 mass spectrometer at the University of Manchester. Argon isotopes were measured using a Faraday detector (10 11 Ω or 10 10 Ω resistor) while Kr and Xe isotopes were measured using a channeltron electron multiplier. Released gases were purified using hot and room-temperature SAES NP10 getters for a combined total of up to 20 min before analysis. We measured all isotopes in seven cycles over a 50-55 min period using the peak-jumping mode. Analytical procedures identical to those used for the samples were used for blank and air calibration measurements, although monitors were heated using a resistance furnace.
A further two samples (Murchison and Allende) were analysed using a ThermoFisher ARGUS VI, a low volume (680 cm 3 ), Nier-type, static vacuum mass spectrometer designed for multi-collection of Ar isotopes. The ARGUS VI has five Faraday cups and a low-mass compact discrete dynode (CDD) ion counting multiplier. Gases were released from meteorite samples using a 55W CETAC Fusions CO 2 laser with a 3-mm beam diameter. Samples were fused by progressively incrementing the laser power output from 0.5% to 12% power. After release, gases were purified using an NP10 hot getter and then transferred onto a liquid-N 2 -cooled charcoal finger for five minutes. The finger was warmed to about 60 °C to release the gases. A trap current of 230 μ A and an acceleration voltage of 2.5 kV were used. We report typical sensitivities of: 1.2 × 10 −12 cm 3 fA −1 Ar, 7.7 × 10 −13 cm 3 fA −1 Kr, and 9.5 × 10 −13 cm 3 fA −1 Xe. After nine measurement cycles, isotope abundances were determined by regression to inlet time. Data reduction. All isotopes were corrected for extraction line blanks, which typically contributed < 1% of 38 Ar and < < 1% for 80 Kr and 128 Xe. All Ar measurements were corrected for mass discrimination, the radioactive decay of 37 Ar Ca and 39 Ar K between irradiation and analysis time, and for neutron-produced interference reactions. Corrections for air, trapped or cosmogenic contributions based on 36 Ar were executed on a sample-by-sample basis. Kr and Xe isotopes were corrected for neutron-induced fission of 235 U using 134 Xe U . Where necessary, a small trapped correction (a mixture of air, solar wind and Q gas), was applied to Xe isotopes based on 130 Xe. Halogens in chondrites from previous studies and the CI reference value. Halogen determinations of chondritic materials were predominantly carried out in the 1960s and 1970s, mainly by neutron activation analysis, and yielded variable concentrations and I/Cl ratios an order of magnitude above those of known terrestrial reservoirs. These measurements were generally on relatively large sample masses (hundreds of milligrams). Notably low or high determinations were sometimes excluded from these studies, particularly for Br and I, on the basis of suspected poor analyses, or suspected halogen addition from contamination or loss during weathering. Compilations, which produce commonly quoted 'reference values' for halogens in CI chondrites (Supplementary Table 1 Variations are typically attributed to terrestrial contamination during residence at the Earth's surface 27 , hydrothermal transport processes on the meteorite parent body 34 or analytical artefacts
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. The problem is clear-there are only nine CI or 'CI-like' chondrites and of these samples, only two (Orgueil and Ivuna) have multiple analyses, owing to either low sample mass or the lack of availability of the other samples. As such, our understanding of the benchmark Solar System halogen abundances is derived from 11 analyses for chlorine, 30 analyses for bromine and six analyses for iodine, across two samples, with numerous outliers excluded from the resultant averages. Thus, the concentration variations are probably much greater than reported, particularly for trace elements such as the halogens-the literature (Extended Data Fig. 1 and Supplementary Table 1 ) would suggest at least a factor of four for chlorine, six for bromine and eight for iodine. There is minimal bulk data for the ordinary chondrites, with the majority being for H and L chondrites. These samples show highly variable halogen concentrations and ratios. This variation probably represents heterogeneity controlled by the modal proportions of halogen-rich phases (such as Cl-bearing phosphates) and by the effects of thermal metamorphism (see Fig. 1d and h) . This is partly why we focused on type 4-6 ordinary chondrites in this study, in order to evaluate the effect of thermal metamorphism. This variation is also seen in the enstatite chondrites, where data from early studies were often discarded as 'anomalous' owing to their high concentrations. High concentrations in the enstatite chondrites may indeed be real, because of the unique environment (nebular gas with a composition of C/O > > 1; see discussion in ref. 70 ) in which they formed, and should not necessarily be discarded, but instead may provide insights into halogen behaviour under a special set of conditions which may be relevant to early Earth environments. Modal mineralogy. Halogens are present in varying amounts in silicate, phosphate and sulfide carrier phases. Important carrier phases may include sodalite, djerfisherite, lawrencite, and so on. An understanding of the likely distribution of some of these carrier phases in different chondrite classes can aid in interpretation of halogen concentration data. A general modal abundance of components including matrix, chondrules, metal, calcium-aluminium-rich inclusions (CAI) and amoeboid olivine aggregates (AOA), is given in Supplementary Table 6 71 and a more specific modal mineralogy of clans from previous studies [72] [73] [74] [75] [76] [77] is also listed therein. Likely halogen carriers for each clan are italicized. Testing for surficial terrestrial contamination. Halogens show enrichment in surface environments including both hot and cold deserts. At the surface, minor contributions from anthropogenic 78 and natural biological organohalogen compounds 79 are known, as well as halogens derived from marine aerosols 80 . The presence of these reactive halogen sources necessitates a consideration of what, if any, effect these have on halogen abundance measurements in meteorites. This is notable in polar ice regions, particularly the Antarctic (where many meteorites are collected annually), with biological production of organoiodine (for example, methlyiodide) enhanced at sea-ice margins and where there is potential for deposition of halogen-bearing sea salt; indeed instances of iodine contamination in cracks on exterior surfaces of Antarctic meteorites have been documented 81 . Extreme care was taken during sample preparation (see above) to ensure selection of interior material to avoid terrestrial contamination issues. Despite this, we assessed potential contamination by examining different sample populations for terrestrial weathering, aerosol deposition, and other contaminants through the following processes: (1) hot and cold desert meteorites were compared to nonAntarctic and non-desert meteorites (Extended Data Fig. 2) ; (2) meteorite 'falls' and meteorite 'finds' were compared (Extended Data Fig. 3) ; (3) halogen results were plotted with known terrestrial contaminants for identification of contributions (Extended Data Fig. 4) ; (4) modal mineralogy was compared to halogen chemistry to determine the likelihood that halogens derive from an indigenous source, rather than terrestrial atmospheric contamination (see Supplementary  Table 6 ); and (5) noble gas isotope ratios (for example, 40 Ar/ 36 Ar) and other accessible neutron-induced elements (for example, K, Ca and Ba) were used to support identification of terrestrial contamination.
One sample (MIL 07139) consistently suffered from contamination issues in the low-temperature steps, identified and characterized by high potassium (monitored by concomitant 39 Ar K release) concentrations (possibly deposition of a K 2 SO 4 salt) of up to 2.85 wt% compared to a more typical potassium concentration of around 800 p.p.m. in EH (enstatite chondrites, high-Fe type) chondrites 64 . The paired sample MIL 07028 from the same Miller Range icefield seems unaffected. Additionally, EH3 SAH 97096 from the Sahara desert is affected by either a contaminant with a high-bromine component or, more probably, leaching of chlorine (Extended Data Fig. 4) . The lowest-temperature-step data was removed and the resultant halogen totals are therefore a minimum value, though the relative consistency of results between three different sample aliquots suggests that it is an indigenous component (26 ± 2, 30 ± 2 and 33 ± 2 p.p.m. Cl).
Halogen condensation and secondary alteration in chondrites. The pronounced difference in mineralogy (Supplementary Table 6 ) and the heterogeneous nature of matrix, chondrules and inclusions amongst the C, E and R chondrites contrasts with the narrow range of observed concentrations and Br/Cl and I/Cl values in these meteorite groups. This provides a unique view on how the halogens condensed out of the solar nebula and their response to, and redistribution during, secondary processing (aqueous alteration and thermal metamorphism). Assuming equilibrium condensation from a gas of solar composition, primary halogen condensation host phases are predicted to be sodalite (50% T C = 948 K) for chlorine and CaBr 2 and CaI 2 in apatite (544 K and 533 K 50% T C respectively 16 ) for bromine and iodine. (We note, however, that there is substantial uncertainty in the 50% T C determinations for the halogens and lower estimations do exist 21 .) There is large uncertainty in these predicted phases, with type 1 and 2 chondrites losing their primary minerals through aqueous alteration. Secondary phases that are the result of aqueous or thermal processing, such as serpentine [(Mg, Fe) 82 owing to the large vacancies in the lattice structure. Hydrated, brecciated and matrix-rich, the CM chondrites also contain abundant phyllosilicates. CV chondrite halogen budgets are probably dominated by the less abundant but chlorine-rich sodalite (Na 8 Al 6 Si 6 O 24 Cl 2 ; about 7 wt% chlorine and up to 7% modal abundance).
Pervasive aqueous alteration of type 1 and type 2 chondrites has replaced all primary silicates with hydrous secondary minerals. Lack of evidence for systematic fractionation of Br/Cl and I/Cl ratios ( Fig. 1) suggests that the halogens were quantitatively redistributed during the aqueous alteration of CI (type 1) and CM (type 2) material isochemically. This is probably due to the limited fluid flow and short length scales for water transport (tens to hundreds of micrometres) during alteration, as suggested in a study 79 83 ). Our data indicate that bulk halogen abundances have not been affected by aqueous alteration, and therefore type 1 and 2 altered chondrite samples (along with pristine type 3 chondrites) are likely to be representative of the nebula environment in which they formed.
Thermally metamorphosed ordinary chondrites, however, are distinct from these clans. Major halogen-bearing species in the ordinary chondrites include silicates (feldspars, chlorine-rich glass in chondrule mesostasis) but more importantly, the halogen-rich phosphate-group mineral apatite [Ca 5 (PO 4 ) 3 (OH,F,Cl)], which is probably the dominant halogen carrier phase. Thermal metamorphism has affected abundances and halogen ratios (particularly I/Cl) in both the ordinary chondrites and some enstatite chondrites (Fig. 1) . Petrologic types 4 to type 6 experienced varying degrees of parent body thermal metamorphism, with increasing severity from type 4 (weakly metamorphosed) to type 6 (heavily metamorphosed). In both enstatite chondrites and ordinary chondrites, the lowest halogen concentrations tend to occur in types 5 and 6, with progressively increasing concentrations in type 4 and in the least metamorphosed type 3. The lower halogen abundances in type 5 (for example, Daniel's Kuil EL6 and St Marks EH5) and type 6 (for example, Novato L6) indicate severe halogen loss with progressive parent body metamorphism. The mechanism by which secondary apatite forms during thermal metamorphism (or metasomatic processes) on the ordinary chondrite parent bodies 84 may be an important factor in controlling the preserved halogen ratios.
In enstatite chondrites, the extent of depletion in chlorine and bromine is not mirrored by iodine. In these samples, sulfides may dominate as halogen hosts (about 12 modal % in EH chondrites), including troilite (FeS), which has been suggested to host comparable amounts of iodine as silicates 85 (about 1 p.p.m.), without chlorine. The lithophile-element-bearing sulfide djerfisherite-(K, Na) 6 (Cu, Ni, Fe) 25 S 26 Cl; about 1.3 wt% chlorine 86 -is able to host a substantial amount of chlorine. Djerfisherite in primitive ALHA 77295 (EH3) has yielded I-Xe ages of 4564.2 ± 1.1 and 4564.7 ± 2.5 million years 87 , comparable to the age of chondrule formation in EH3 Qingzhen and Kota Kota 88 and therefore has been suggested to be a nebular condensate 89 as well as an important halogenbearing phase. In some enstatite chondrites, however, sulfides may decompose readily at even low temperatures 90 (Extended Data Fig. 5 ), where progressive halogen loss in the manner of Cl > Br> I may be expected. Halogens in type 5 and type 6 chondrites have been affected by thermal processes and are therefore, unsurprisingly, not representative of their primary abundances acquired during condensation from the solar nebula. Estimates of BSE halogens. The BSE, or 'primitive mantle' , is that portion of silicate crust and mantle differentiated from the metallic core, in the approximate proportions of 68% and 32% by mass, respectively. This large reservoir is difficult to characterize accurately for trace elements such as the halogens, but determining this global geochemical budget is essential for comparisons within the Solar System and to other terrestrial planets. Early studies focused on the development of the 'pyrolite' model 91 by mixing amounts of basalt (as melt) and peridotite (as residue) Table 4 for references). Variation of up to one order of magnitude is not unexpected given the trace nature of the halogens and the lack of data available, particularly for bromine and iodine. Estimates for the heavy halogens in BSE are uncertain owing to the low abundances of bromine and iodine, but also their difference in geochemical behaviour (for example, hydrophilic to biophilic). BSE halogen reference values are based on cosmochemical and petrological approaches and both make use of chondrite data; in this study those based heavily on meteorite data 94 were not used to avoid potential circularity in calculations. Data availability. All data generated during this study are included within this Letter and its Supplementary Information.
